Sucl+ was originally identified as a DNA sequence that, at high copy number, rescued Schizosaccharomyces pombe strains carrying certain temperature-sensitive alleles of the cdc2 cell cycle control gene. We determined the nucleotide sequence of a 1,083-base-pair Sucl+ DNA fragment and Si mapped its 866-nucleotide RNA transcript. The protein-coding sequence of the gene is interrupted by two intervening sequences of 115 and 51 base pairs. The predicted translational product of the gene is a protein of 13 kilodaltons. A chromosomal gene disruption of Sucl+ was constructed in a diploid S. pombe strain. Germinating spores carrying a null allele of the gene were capable of very limited cell division, following which many cells became highly elongated. The Sucl+ gene was also strongly overexpressed under the control of a heterologous S. pombe promoter. Overexpression of Sucl+ is not lethal but causes a division delay such that cells are approximately twice the normal length at division. These data suggest that Sucl+ encodes a protein which plays a direct role in the cell division cycle of S. pombe.
Among the many genes required for completion of the cell division cycle in the fission yeast Schizosaccharomyces pombe, the cdc2+ gene is of particular interest because it plays a role in both the G, and the G2 phases of the cell cycle. The activity of the gene is required in G, before DNA replication and in G2 before initiation of mitosis (24) . There is also physiological and genetic evidence that cdc2+ is not only required in G, and G2 but acts at the rate-limiting step which controls the rate of progression into the S phase and nuclear division (25) .
The gene product of cdc2+ shares 62% sequence homology with the product of the CDC28 cell cycle "start" gene of the distantly related budding yeast Saccharomyces cerevisiae (15, 18) . Furthermore, the CDC28 gene can rescue cdc2(Ts) mutants of S. pombe (1) , and the cdc2+ gene can rescue cdc28(Ts) strains of S. cerevisiae (7) . Both genes encode products which have protein kinase activity (26, 30) .
The cdc2+ gene was physically isolated from a gene bank of S. pombe DNA by transformation and rescue of a temperature-sensitive cdc2-33 S. pombe strain (1) . During screening for DNA sequences which restored a cdc+ phenotype to a cdc2-33 strain, not only cdc2+ but also a second, previously unidentified gene known as Sucl+ was isolated (14) . The Sucl + gene, carried on a multicopy number vector pDB248 (2) , allowed a cdc2-33 strain to propagate at a nonpermissive temperature. This effect was found to be specific for certain alleles of cdc2. Of the temperaturesensitive alleles tested, cdc2-33, cdc2-56, and cdc2-L7 were rescued by Sucl , whereas cdc2-M35, cdc2-M63, cdc2-M26, and cdc2-M55 were not rescued (14) .
It has been suggested that the Sucl+ gene product interacts with the product of cdc2+, but there is presently no evidence that Sucl+ plays a direct role in the cell division cycle. In the present study, we determined the nucleotide sequence of Sucl+, identified its protein coding sequence, and constructed strains that carry either a null allele of * Corresponding author.
Sucl + or strongly overexpress the gene. The data suggest that the Sucl+ gene product may indeed be involved in the cell division cycle.
MATERIALS AND METHODS
Yeast strains, vectors, and transformation. S. pombe strains were cultured either in rich medium YEA (0.5% yeast extract, 3% glucose, 75 ,ug of adenine per ml) or in minimal medium (22) buffered with 50 mM phthalate, pH 5.6. Amino acids were supplemented at 75 xWg/ml as required.
S. pombe SP36 h-s leul-32 cdc2-33 was used for assay of Sucl activity. The strain was transformed (2, 3) to Leu+ at 25°C with plasmids carrying the Sucl gene. The transformants were transferred from 25 to 36°C and, if cell division continued, the transforming plasmid was defined as Sucl +.
The replicating S. pombe vectors used were pDB248 (2) and pIRT2. pIRT2 is based on pUC118, itself a derivative of pUC18 (23) , which carries the intergenic region of bacteriophage M13 (J. Vierira, personal communication).
pUC118 was converted to pIRT2 by insertion of a 1.2-kilobase (kb) EcoRI restriction fragment of S. pombe DNA carrying arsi (19) into the unique EcoRI site of pUC118, followed by insertion of a 2.2-kb Sall-XhoI restriction fragment carrying the LEU2 gene of S. cerevisiae (5) into the unique HindIII site of the polylinker. The resulting vector, pIRT2, has unique SphI, PstI, SalI, BamHI, SmaI, and SstI restriction sites. Sucl DNA fragments (see Fig. 1 ) were inserted into these sites.
The Suci :leu allele was constructed for gene replacement as follows. A 2.7-kb Hindlll genomic restriction fragment carrying Sucl+ (see below) was inserted into the unique HindIIl site of the bacterial vector pTR-262 (27 (13) . The Leu+ transformants were characterized as described below. A SucJ +ISuc ::leu strain derived from the parental diploid was allowed to sporulate in liquid minimal medium (22) containing 5 rather than 100 mM NH4CI. A preparation of pure spores, uncontaminated by unsporulated cells, was obtained by the method described previously (4).
The Sucl+ gene was strongly overexpressed on plasmid pART1, which was derived from pIRT2 by insertion of a 700-base-pair (bp) fragment of DNA carrying the promoter of the alcohol dehydrogenase gene of (ADH) S. pombe. An ScaI-SspI fragment of Sucl + (see Fig. 1 Klenow) and SmaI (probe IV), followed in each case by self-ligation. Probes V, VI, and VII were prepared from a single construction in which the central Bcll fragment of Sucl was inserted in the BamHI site of pUC118 in the approximate orientation (see Fig. 1 ). Each single-stranded plasmid (1 ,ug) was annealed with 5 pmol of the oligonucleotide 5'GTrTTCCCAGTCACGAC (New England BioLabs no. 1212) and primer extended with 32p_ labeled deoxynucleotide triphosphates as described previously (10) . The double-stranded DNA thus formed was digested with NheI (probes I, II, III, and IV), SmaI (probe V), ClaI (probe VI), or SspI (probe VII) (see Fig. 1 The probes were annealed with 20 ,ug of whole-cell RNA in 0.25 M NaCl-30 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.6)-3 mM EDTA at 65°C for 18 h. The hybrids were digested with 100'U of Si nuclease in 4 mM ZnSO4-30 mM NaOAc (pH 4.6)-0.25 M NaCl at 37°C for 45 min. The resulting DNA fragments were resolved on either 4 or 6% polyacrylamide-urea gels.
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RESULTS
Nucleotide sequence and transcript map of Sucl+. The Sucl+ gene (14)' was originally isolated from a gene bank which had been constructed by ligation of partial Sau3A restriction fragments of wild-type S. pombe DNA into the BamHIl site of the S. cerevisiae bacterial shuttle vector pDB248 (2) . Subsequently, a 14-kb BamHI genomic fragment carrying Sucl+ was isolated from a bacteriophage X library by plaque hybridization. From this 14-kb restriction fragment, a biologically active 2.7-kb Hindlll subclone was obtained and used as the starting material for the present studies (Sucl+ activity is defined as the ability of the gene carried on either multicopy vector pDB248 or pIRT2 to 
HiehleLeuLeuPh.LysArgGluLyuAspTyrGlnMetLysPhoSerGlnGInArgGly rescue an S. pombe strain carrying the cdc2-33 allele at the nonpermissive temperature).
The 2.7-kb HindIll restriction fragment was further subcloned as a 1,083-bp NheI-BclI fragment which retained Sucl+ activity (Fig. 1) . The nucleotide sequence of this DNA was determined ( Fig. 2 ; see Materials and Methods). In an attempt to identify the protein-coding sequence of the SucJl gene, the entire 1,083 bp was scanned by computer for regions of open reading frame (ORF) but was found to contain no ORF longer than approximately 50 amino acids in any of the three frames on either DNA strand. It appears that, if Sucl + encodes a protein product, it is either of very low molecular weight or its mRNA transcript is'extensively spliced. The RNA transcript of Sucl + has been identified by Northern blotting (31) and mapped in detail with S1 nuclease (6) to formally predict the primary sequence of the gene product.
A Northern blot revealed that two transcripts of approximately 860 and 950 nucleotides hybridize with a Sucl DNA probe (Fig. 3) . For S1 mapping of these transcripts, uniformly 32P-labeled DNA probes were prepared by primer extension (10) of single-stranded DNA templates ( Fig. 1 ; see Materials and Methods). Since these probes are uniformly rather than end labeled, they can be used to define breakpoints in an RNA-DNA hybrid only if more than one overlapping DNA probe is used. We therefore prepared a series of seven overlapping single-stranded DNA probes spanning the entire length of the 1,083-bp NheI-BclI fragment ( Fig. 1 ; see Materials and Methods).
The 5' initiation site of the Sucl+ transcript was determined with 'two DNA probes, I and II (Fig. 1) . After hybridization with whole-cell RNA and subsequent exposure to S1 nuclease, they yielded protected DNA fragments of 109 and 124 nucleotides, respectively (Fig. 4A) . Since the two probes differed in length by 15 and 124 nucleotides differed to precisely the same extent, the RNA-DNA heteroduplex must span both the XbaI and Bcll sites ( Fig. 1 ) and dissociate at a position 108 nucleotides from the XbaI site, at nucleotide position 167 ( Fig. 1 and 2 ). This region does not contain sequences normally present at sites of RNA splicing (8, 9) , and it is most likely that nucleotide 167 instead marks the site of Sucl+ transcriptional initiation. The 5' end of the transcript appears not to be unique but to span a region of seven nucleotides among which position 167 is marginally preferred (Fig. 4A) .
Two additional probes, III and IV (Fig. 1) , which extended further into the gene than probe II (to the EcoRI and ClaI sites, respectively), both yielded protected fragments centered around a length of 142 nucleotides (Fig. 4A) . This implies that the RNA transcript does not run continuously from the BclI to the EcoRI and ClaI sites but breaks at a site 142 nucleotides from its 5' end at nucleotide position 308 ( Fig. 1 and 2) . The DNA sequence of nucleotides 309 to 314 closely matches that of other known sites of S. pombe pre-mRNA splicing (Fig. 5) . Nucleotide position 308 is therefore taken to be the last nucleotide of exon I of the SuclJ gene ( Fig. 1 and 2) . The (Fig. 4B, lane 2) . The reasons for nucleotides ( Fig. 4B and C) . The 315-bp band represents this inconsistency are unclear. The protected fragment must full-length protection of the single-stranded BclI-SspI frag-map centrally between the SspI and ClaI sites. We suppose ment (probe VII), whereas the 265-nucleotide band indicates that the 145-nucleotide fragment corresponds to a central a break in the DNA-RNA hybrid located some 50 nucleoexon which is bounded by introns 1 and 2 ( Fig. 1) . Although tides from either the SspI or the BcII site. Hybridization we did not directly map the position of exon 2, a search of probes V and VI were used to distinguish between these the relevant nucleotide sequence revealed the presence of alternatives.
further consensus splicing sequences which allowed the Although differing in length by 126 nucleotides (Fig. 1) , prediction of an exon of precisely 145 nucleotides between probes V and VI yielded identical patterns of three bands nucleotides 424 and 568 (Fig. 1, 2 , and 5). each of approximately 416, 465, and 145 nucleotides, the last On the basis of these data, we propose that the structure of of which was occasionally difficult to detect (Fig. 4B and C) .
the SuclJ mRNA is as follows. The 5' end of the transcript Considering only the larger two bands, which differ in length maps to nucleotide 167 (Fig. 1) . The mRNA is derived from by approximately 50 nucleotides, it is apparent that the pre-mRNA by removal of two introns of 115 and 51 nucleotranscript breakpoint detected with probe VII must lie 50 tides. The transcript lacks a unique termination site but has nucleotides from the Bcll site at nucleotide position 1033 two major sites, one at nucleotide position 1033 and the rather than close to the SspI site. The simplest explanation other 50 to 100 nucleotides further downstream. The shorter of these data is that the Sucl+ transcript does not terminate of the two transcripts, each of which is present in roughly at a unique site but at two major sites. One lies around equal abundance (Fig. 3) , is 866 nucleotides long. nucleotide 1033, and the other lies beyond the Bcll site. The
The DNA sequence within exons 1, 2, and 3 was examined longer transcript accounts for the fully protected band of 315 for an initiating AUG sequence and also for regions of ORF. nucleotides observed with probe VII and also for the upper
The first ATG in any of the three possible reading frames band detected by Northern hybridization (Fig. 3) . Only the after the transcriptional initiation site at nucleotide 167 lies at transcript of higher molecular weight hybridized with a DNA nucleotides 220 to 222. In fact, there is no other ATG triplet probe which lay beyond the Bcll site at nucleotide 1083 (Fig. in any frame between the site of transcriptional initiation and 3). . It follows that the other end maps to nucleotide with a shift of frame through exon 2 (48 amino acids) and into 620 ( Fig. 1 and 2 ). The DNA sequence of nucleotides 603 to exon 3 (48 amino acids) without a change of frame ( Fig. 1 and 609 is similar to that at the 3' end of other known S. pombe 2). The polypeptide is expected to terminate at the in-frame introns and lies within seven nucleotides of a TAG triplet TAA triplet at nucleotides 725 to 727 (Fig. 2) . The entire (nucleotides 617 to 619 [ Fig. 2, 3, and 5] ). These data suggest Sucl+ protein product is thus predicted to consist of only that nucleotide 620 marks the 3' acceptor site of the pre-113 amino acids (molecular weight, about 13 kilodaltons). mRNA splice.
This polypeptide was screened for homology with proteins Two breakpoints within the Sucl + transcript were directly held in the Protein Identification Resource and the GenBank mapped to nucleotide positions 308 and 620. These sites do data bases, but no significant homologies were found. not mark the 5' and 3' ends of a single splicing reaction, since Since the predicted SuclJ gene product is of low molec-DNA probes V and VI both yield a band of 145 nucleotides ular weight, we wished to challenge our predictions concernwhich was not seen with probe VII (Fig. 4B) . The 145-ing the position of the ORF regions by making further nucleotide band was very faint in some experiments (Fig. deletions in the 1,083-bp NheI-Bcll fragment and also by 4B, lanes 3 and 4) but was unmistakable in others in which constructing frameshift mutations within it. A 674-bp ScaISspI restriction fragment contains exons 1, 2, and 3 but lacks much of the 3' untranslated region of the gene. (28) .
The LEU2 gene of S. pombe was inserted into the frameshift-sensitive XbaI site within exon 1 of Sucl. The construction, referred to as Sucl::leu (see Materials and Methods) was linearized by restriction endonuclease digestion and introduced by transformation into a diploid S. cerevisiae strain (h+N ade6-216 leul-321h-s ade6-210 leul-32). Fortyeight Leu+ transformants were picked, and among these one was found to have a stable Leu+ phenotype. DNA was prepared from this transformant and, by the method of Southern blotting (28), the wild-type Sucl + allele was shown to have been replaced by Sucl::leu in one chromosome of the diploid strain (Fig. 6B) .
The Suci +1Sucl: :leu heterozygous diploid was allowed to undergo sporulation, and the resulting meiotic products were examined by free-spore analysis (see Materials and Methods). Spores germinated on minimal selective medium lacking leucine failed to form visible colonies, whereas colony formation was observed on medium supplemented with leucine. However, microscopic examination of the plates The Sucl+ gene is slightly unusual in that it appears to encode a protein product which, at 13 kilodaltons, is smaller than any previously described gene product in S. pombe. A prediction of a low-molecular-weight protein would obviously tend to arise if errors, particularly frameshift errors, were introduced during DNA sequencing. However, we believe that the presented sequence of 1,083 bp is fully correct. Once no extended ORF regions had been detected, much of the sequence was redetermined at Cold Spring Harbor Laboratory and no discrepancies were found. S1 mapping revealed that the 866-nucleotide Sucl+ transcript is interrupted by two introns. The predicted positions of the boundaries of exon 2 are based in part on knowledge of consensus sequences surrounding pre-mRNA splice sites. Such consensus sequences are not absolutely conserved and tend to be more variable in S. pombe than in S. cerevisiae (12, (15) (16) (17) 32) . However, within the relevant region of sequence, no other placement of a 145-nucleotide exon would allow observance of even the limited 5' GT and 3' AG rule which appears to be followed in all eucaryotic introns (9) .
The predicted 113-amino-acid product of the Sucl + gene was not found to share significant homology with protein sequences held in widely available data bases, and therefore no indication of its possible biochemical role was provided. However (Fig. 6) . On the other hand, complete inhibition of the cell division cycle in the absence of any growth defect results in uniformly elongated cells. Such is the terminal phenotype of spores carrying a null allele of cdc2 (7) . The terminal phenotype of Sucl ::leu spores appears to be a combination of growth and cell division cycle defects. Once the germinating spores had ceased cell division, some cells became highly elongated, whereas others did not (Fig. 6) . No attempt was made to determine the stage in the cell cycle at which Sucl::leu spores became arrested because of the heterogeneity in their terminal phenotype. Paradoxically, strong overexpression of Sucl+ also resulted in cell elongation. However, overexpression of Sucl + was not lethal, and the observed elongation of cells indicated that completion of the cell cycle was delayed but not fully inhibited.
The experiments described above gave no indication of the biochemical role of the Sucl+ gene product and, in particular, its relationship to the cdc2+ gene product. However, nucleotide sequencing of the Sucl+ gene and prediction of the primary sequence of its product allows anti-Sucl antibodies to be raised. Such antibodies will allow possible interactions between the Sucl+ and cdc2+ gene products to be investigated. Furthermore, it will also be possible to use the isolated Sucl+ gene to construct conditional lethal and other alleles of the gene to better characterize its role in cell growth and division.
